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Abstract 
Microstructure of an alloy has a significant effect on mechanical properties. Deep cryogenic treatment extends life of tool steels 
because of microstructure changes. In this research, effects of microstructure parameters were studied on tensile toughness of 
1.2542 tool steel. The results showed that high population density and high volume fraction of secondary carbides were 
responsible for tensile toughness enhancement. 
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1. Introduction 
Suitable tool steel properties include high strength, wear resistance and hardness in addition to suitable toughness 
for enduring mechanical impact loadings. On the other hand, hardness and toughness have an opposing relationship 
so that any increase in strength or wear resistance of a tool steel occurs at the expense of reduced toughness. For 
example, deep cryogenic treatment (DCT) improves wear resistance of tool steels; but, for cold work Cr8Mo2SiV 
and Cr12MoV tool steel specimens, Li et al. (2010) reported that toughness was reduced to one-third by DCT 
compared to the standard specimens. Also, Das and Ray (2012) reported that, fracture toughness of DCT specimens 
was slightly lower (≈7%) when compared to that of conventionally treated AISI D2 tool steel. In addition, for cold 
work die steel SDC99, Li et al. (2013) stated that toughness decreased by DCT compared with the conventional 
treatment. In contrast, Chi et al. (2010) reported that, when quenching at lower austenitizing temperature, higher 
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toughness could be obtained for Cr8-type cold work die steel by DCT compared with the conventional treatment. 
Also, Khoneshlou et al. (2011) demonstrated that tempering after and/or before of DCT improved 20% of impact 
toughness of H13 hot work tool steel with respect to conventional heat treatment. In addition, Vahdat et al. (2013) 
reported 12-35% improvement in tensile toughness for 1.2542 cold work die steel by DCT compared with the 
conventional treatment.   
Therefore, the results of Li et al. (2010) and Li et al. (2013) were in opposition to Vahdat et al. (2013), 
Koneshlou et al. (2011) and Chi et al. (2010) on toughness enhancement without any reason and there is no any 
reason for that. Effects of DCT on toughness of tool steels have been studied; but, microstructure correlation has not 
been sufficiently studied in Refs Li et al. (2010), Koneshlou et al. (2011), Chi et al. (2010), Li et al. (2013), Vahdat 
et al. (2013) and Das and Ray (2012). 
The goal of this work was to investigate effect of microstructure parameters on tensile toughness of 1.2542 
medium carbon-low alloy tool steel and evaluate it by scanning electron microscopy (SEM). 
2. Material and Methods 
Table 1 presents chemical analysis of 1.2542 tool steel used in this study. The temperature-time history for the 
DCT treated specimens is depicted in Fig. 1(a). 
Table 1. Chemical analysis of the 1.2542 tool steel 
(%) Element (%) Element (%) Element 
1.57 W 0.02 S 0.48 C 
1.00 Si 0.02 V 0.34 Mn 
Rest Fe 0.06 P 1.12 Cr 
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Fig. 1. Cryogenic treatment (a) cycle; (b) flow chart for the experimental procedure 
The DCT work followed a procedure outlined in Fig. 1(b) using a programmable cryogenic processor by Farhani 
and Niaki (2011). The specimens had to be machined to the required sizes prior to their treatment. Preparation of the 
specimens was carried out using a CNC machine. The SEM specimens were of 15 mm length and 12 mm diameter. 
To calculate each phase size and content, at least five SEM images were taken from five different scanned regions 
using a ×104. The reported values were average ones. Size and content of secondary carbide (SC) and primary 
carbide (PC) were measured using phase analysis software, OLYSIA m3. It was calibrated for images with 
2048×1536 pixels. The specimens were given codes for easy identification during and after the experiment. The 
coding procedure was as follows: 
(a) Cryogenically treated specimens, water quenched: The first two digits of the code for a cryogenically treated 
specimen indicated soaking time (in hour) at -196ºC. The last digit indicated tempering time (in hour) at 200ºC. 
Therefore, code 361, for example, showed a cryogenically treated specimen, soaked at -196ºC for 36 hours and 
tempered at 200ºC for 1 hour.  
(b) Hardened and tempered specimens, no DCT: Water quenched specimen 002 was tempered at 200ºC for 2 
hours; but, no DCT was performed on this specimen. 
The uniaxial force-displacement tensile test (F-∆L) was carried out on a standard specimen, which was 5 mm in 
diameter and 50 mm parallel length, at room temperature according to BS EN 10002-1 (2001). The strain rate was 
0.00166. Tensile toughness was calculated as shown in Equation (1) by Dieter (2000) where UT is tensile toughness 
(MJ), σUTS is ultimate tensile strength (MPa) and ef is fracture strain in unit volume (m3). 
 
UT=2/3×σUTS×ef                                                                                                                                                       (1) 
3. Results and Discussion 
The austenite to martensite transformation (Ms) starts at 27.5oC and finishes (Mf) at -187.5oC. The Ms and Mf 
values were obtained using Steven and Haynes equations (2) and (3) by Totten et al. (2002), which are valid for low 
alloy steel with maximum 0.5% carbon content. 
Ms(oC) = 561- 474×C% - 33×Mn% - 17×Cr% - 17×Ni% - 21×Mo%                                                                    (2) 
Mf (oC) = Ms (oC)-215                                                                                                                                              (3) 
Therefore, at -196oC, the retained austenite is completely transformed into martensite. This confirms the results 
from Cu Kα radiation diffraction (XRD) phase analysis PHLIPS at 40KV. As shown in Fig. 2 for the 002, 243 and 
483 specimens, the retained austenite was not observed. After tempering of specimens, there would be no martensite 
and all would be turned to M23C6 secondary carbide. 
Procurement of raw material 
Chemical analysis to check composition 
10 sets, Water quenched 
Cooling of specimens -150ºC, rate ~1.3 ºC/min, Cryogenic soaking temperature at -195ºC, Soaking time 24, 36 and 48 hours 
Tempering at 200ºC for 1, 2 and 3 hours 
Specimens cooled in room to ambient temperature 
Mechanical Testing and Microstructure Evaluations 
 1 set 
9 sets 
Austenizing at 900ºC, rate ~5.5 ºC/min, soaked at 900ºC for 1 hour 
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Intensity of peak 1 (≈320) in specimen 002 which was water quenched and tempered at 200°C much higher than 
intensity of peak 1 (≈235) in specimen 243 and 483 which was water quenched and then deep cryogenic treated and 
after that tempered at 200°C. On the other hand, intensity of peak 3 in specimens 002 and 243 was equal to ≈70; i.e. 
content of secondary carbide was equal in these two specimens. In contrast, intensity of peak 3 in specimen 002 
(≈70) was less than that of peak 3 in specimen 483 (≈80). This issue indicated higher content of M23C6 secondary 
carbide in the 483 specimen compared to the 002 specimen. Peak 4 belonged to M7C3 primary carbide. Intensity of 
this peak (≈18 to ≈20) was almost equal in all the three specimens. In other words, content of M7C3 primary carbide 
was almost the same in all the three specimens. More studies conducted by SEM which were according to Figs. 3 
and 4 quantitatively confirmed the above points.  
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Fig. 2. Diffraction of Cu Kα ray after processing for (a) 002; (b) 243); (c) 483 specimens 
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As shown in Fig. 3, averages of volume fraction (Vf), size and population density (PD) of the PC were 
approximately constant at about 0.4+0.2 V%, 0.62+0.1μm and 62500+2500 mm-2, respectively, which was because 
specification of PC depended on the austenitization treatment parameters which were kept constant (Fig. 1(b)) in 
this research.  
Fig. 4 shows that average Vf of the SC increased from 2.18 to 12.87 V% and the maximum PD of the SC 
occurred in specimens with 36 hours of soaking time (specimen 361). Accordingly, specimens with 1 hour of 
tempering time (specimens 241, 361 and 481) showed maximum PD of the SC. The average size of the SC 
increased from 0.22 to 0.46μm (≈twice).  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Size, PD and Vf of PC, tempering time trends 
 
 
 
 
 
 
 
Fig. 4. Size, PD and Vf of SC, soaking time trends 
Fig. 5 presents about 12-35% improvement in tensile toughness for specimens 361 and 482 compared to 
specimen 002. This improvement in properties was contributed by pull-out toughening mechanism of SC by Das 
and Ray (2012) and Vahdat et al. (2013).  
 
 
 
 
 
 
 
 
 
 
Fig. 5. Tensile toughness of specimens, PD and Vf of SCs, soaking time trends 
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As shown in Fig. 4, Vf of the SCs in specimens 002 (1.8%) was smaller than (≈3 to 7 times) those in specimens 
361 and 482 (4.6% and 12.6%, respectively); also, PD of the SCs in specimens 002 (160000 mm-2) was smaller than 
(≈3 to 5 times) that in specimens 361 and 482 (894000 mm-2 and 650000 mm-2, respectively). As demonstrated in 
Fig. 5, the specimens which had high PD and high Vf of SCs had high tensile toughness as well (the specimens 361 
and 482). But, its reverse form was not correct; i.e., (the specimens 362, 363, 481 and 483). Therefore in these 
specimens, high PD and high Vf of SCs were two effective parameters for tensile toughness enhancement. 
4. Conclusions 
In this research, ten sets of 1.2542 tool steel specimens were DCT treated at -196   for 24, 36 and 48 hours and 
were tempered at 200  for 1, 2 and 3 hours.  
1) The increased soaking time led to constant increase of Vf of SCs; however, population density of SCs 
increased until 36 hours of soaking time while it reduced after this period. 
2) In these specimens, high PD and high Vf of SCs were two effective parameters for tensile toughness 
enhancement. 
3) It was observed that maximum tensile toughness can be obtained by simultaneously increasing of tempering 
duration and soaking time. However, if the reduction in production time and cost are of primary concern, lower 
tempering time and soaking time would seem to be a more feasible option. For example, in this case, specimen 361 
was a more feasible option. 
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